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Introduction
Dexamethasone (DEX) is a potent synthetic corticosteroid and is considered the 'gold standard' for managing cerebral oedema (Raslan and Bhardwaj, 2007) . The exact mechanism underlying the anti-oedema effects of DEX is not known, although it is widely believed that DEX suppresses inflammation and decreases vasogenic oedema through partial restoration of blood-brain barrier integrity (Rovit and Hagan, 1968; Eisenberg et al., 1970; Kotsarini et al., 2010) . It is also not clear whether DEX influences the effectiveness of standard DNA-damaging therapy for glioblastoma such as radiotherapy or alkylating agents. There are conflicting studies in vitro (Grasso et al., 1977; Weller et al., 1997) and in vivo (Wang et al., 2004) that show antagonism, no interaction, or even synergy with chemotherapy (reviewed in Piette et al., 2006) . Despite uncertainty regarding biological efficacy in glioblastoma, DEX is effective in controlling many radiotherapy-and chemotherapy-induced side effects (i.e. nausea and vomiting) and is therefore frequently continued throughout the duration of radiotherapy. More recently, it has been observed that vascular endothelial growth factor (VEGF) antagonists such as the antibody, bevacizumab, or the tyrosine kinase inhibitor, cediranib, have profound anti-oedema effects, commonly obviating the need for steroid co-medication if administered to patients.
In the present study, we confirmed the use of corticosteroids early in the course of disease, during radiotherapy without or with chemotherapy, as an independent predictor of poor outcome in three independent patient cohorts. We also used disease-relevant genetically engineered mouse models (GEMMs) of murine glioblastoma (Hambardzumyan et al., 2009) to show that DEX pretreatment significantly decreases survival in irradiated glioma-bearing mice. Finally, we report that replacing DEX with short-term VEGF antagonism may be the preferred alternative over corticosteroids in the initial management of glioblastoma.
Materials and methods

Retrospective clinical analyses
Three independent patient cohorts were analysed. Details are provided in the Supplementary material.
Generation of RCAS/Tva systembased PDGFB-driven gliomas Tissue processing, immunohistochemistry and immunofluorescence
Tissue processing, immunohistochemistry and immunofluorescence assays were performed according to previously published protocols Hambardzumyan et al., 2008) and antibody information is provided in the Supplementary material.
Bioluminescence imaging
Ef-Luc mice were used for bioluminescence imaging (BLI) studies according to published protocols (Uhrbom et al., 2004) . Additional methodological details are provided in the Supplementary material.
Results
Retrospective clinical analyses of glioblastoma patients
To investigate an association of corticosteroid use with the efficacy of therapy and outcome, we first performed a retrospective clinical analysis of 622 patients treated at Memorial Sloan Kettering Cancer Center (MSKCC). Expectedly (Stupp et al., 2005) , patients receiving temozolomide (TMZ) had a significantly longer median survival (15.9 versus 12.8 months; P = 0.0023). Patients not on DEX at the start of radiotherapy had a median survival of 20.6 months whereas patients on DEX had a survival time of 12.9 months (P 5 0.0001, Fig. 1A ). There were no significant differences in age, gender, duration of symptoms, or TMZ use between patients that did or did not receive steroids at the start of therapy. Steroid use was significantly more common in patients with lower Karnofsky Performance Score, altered mental status, altered neurological function, less extensive surgery, and lower radiation dosing. Accordingly, steroid use was significantly more common in the higher recursive partitioning analysis groups (Supplementary Table 1A ). Yet, multivariate COX regression analysis revealed that overall survival was independently associated with recursive partitioning analysis class, TMZ use and steroid use at the start of radiotherapy (Supplementary Table 1B) .
Second, we also explored the association of baseline steroid use with outcome in 573 patients from the pivotal EORTC NCIC trial that established temozolomide and radiotherapy treatment followed by temozolomide (TMZ/ RT!TMZ) as the new standard of care (Gorlia et al., 2008; Stupp et al., 2014) . The use of steroids was correlated with the extent of resection at initial surgery (P 5 0.0001, Fisher test); 91% of patients who underwent biopsy, 74% of patients with partial resection, but only 59% of patients with complete resection had steroids at baseline (Supplementary Table 2A ). The median dose administered was 12 mg for biopsied patients and 6 mg for patients with partial or complete resection (P 4 0.0001, Kruskal-Wallis test). Patients with baseline steroids had a lower median progression-free survival [5.3 versus 6.4, P 5 0.0001, hazard ratio (HR) = 1.39]. After adjustment for the extent of surgery (partial or complete resection versus biopsy), age (continuous), WHO performance status (40 versus 0), this effect remained significant (P = 0.03) stratified by treatment (Supplementary Table 3A ). This effect was borderline, non- Figure 1 Corticosteroid use at the start of radiotherapy without or with TMZ is an independent marker of poor prognosis in human glioblastoma patients from three independent cohorts. Overall survival of (A) MSKCC; (B) EORTC 26981/22981 NCIC CE.3; and (C) GGN patient cohorts. RT = radiotherapy. O = total observed events; n = total number of patients.
significant in the radiotherapy arm (P = 0.06, HR = 1.33) whereas it was not significant in the TMZ/RT!TMZ arm (P = 0.23, HR = 1.17). The prognostic value of baseline steroid dose (split by tercile) was significantly overall stratified by treatment (P = 0.03, HR = 1.14) but not in multivariate analysis (P = 0.45). Steroid dose was significant in the radiotherapy arm (P = 0.004, HR = 1.28) but was borderline, non-significant in multivariate analysis (P = 0.08) and was not significant in the TMZ/RT!TMZ arm (P = 0.8, HR = 1.02; P = 0.88 in multivariate analysis). Altogether, patients with baseline steroids had a lower median overall survival (12 versus 17 months, P 5 0.0001, HR = 1.56) (Fig. 1B) . This effect remained significant after adjustment for age, extent of surgery, and WHO performance status (P = 0.003) and was significant in the radiotherapy arm (P = 0.004, HR = 1.52) but not in the TMZ/RT!TMZ arm (P = 0.2, HR = 1.2). The prognostic value of steroid dose at baseline, split by tercile, was significantly when stratified by treatment (P = 0.002, HR = 1.2) but not significant in multivariate analysis (P = 0.23). Steroid dose was significant in the radiotherapy arm (P = 0.002, HR = 1.28) and in multivariate analysis (P = 0.048). It was not significant in the TMZ/RT!TMZ arm (P = 0.22, HR = 1.11, also not significant in the multivariate model, P = 0.73). Thus, steroids at baseline was a prognostic factor for both progression-free survival and overall survival in the EORTC NCIC trial and higher doses of steroids were a negative prognostic factor in patients treated with radiotherapy alone more than in patients treated with TMZ/RT!TMZ.
Third, an association between steroid administration at the start of radiotherapy and outcome was examined in a cohort of 832 glioblastoma patients enrolled in the German Glioma Network (GGN) (Supplementary Table 2B ). Progression-free survival and overall survival were inferior in steroid-exposed patients in all patients pooled (Figs 1C and 2A, and Supplementary Table 3B ). The association between steroids and inferior outcome was prominent in patients who had received a gross total resection, notably in those treated with radiotherapy plus chemotherapy ( Fig. 3 and Supplementary Table 3B ). Multivariate analysis confirmed that steroid administration was an independent negative prognostic factor when adjusting for extent of resection, initial treatment, age and Karnofsky Performance Score (Supplementary Table 3B ).
Dexamethasone, but not anti-VEGFA antibodies, compromise radiotherapy efficacy in murine glioma models in vivo
To support potential adverse effects of DEX on survival, we used a murine PDGFB-driven glioblastoma model, based on the RCAS/Tva system, a somatic cell specific gene transfer (Hambardzumyan et al., 2009) . DEX alone had no impact on survival (P = 0.32, Fig. 4A ) whereas pretreatment with single doses of DEX for three consecutive days profoundly decreased the survival advantage afforded by a single 10 Gy dose of irradiation (P = 0.03, Fig. 4B ). This effect was even more pronounced when a fractionated irradiation schedule was used (P = 0.002, Fig. 4C ).
Because of the deleterious effects of DEX on the survival benefit afforded by radiotherapy, we next focused on identifying an alternative to DEX to decrease oedema. Inhibition of VEGF signalling, either with neutralizing antibodies or VEGFR-targeted kinase inhibitors, leads to decreased oedema, which can result in improved survival of brain tumour-bearing mice despite persistent tumour growth (Gerstner et al., 2009; Kamoun et al., 2009) . To assess whether the anti-VEGF antibody B20-4.1.1, a murine surrogate for bevacizumab, also interferes with the response to radiotherapy, we allocated tumour-bearing mice into different treatment groups based on gender and age. Compared to vehicle treatment, both B20-4.1.1 and radiotherapy independently prolonged survival (Fig. 4D ). However, in contrast to DEX, there was no significant difference between B20-4.1.1 + radiotherapy-treated animals compared to radiotherapy alone, demonstrating that B20-4.1.1 treatment does not interfere with radiotherapy efficacy (P = 0.86, Fig. 4D ).
Dexamethasone-responsive gene signature in gliomas
To broadly assess the genes and pathways that are responsive to DEX and identify pathways associated with treatment resistance, we used microarray analyses from untreated and DEX-treated mouse glioma samples. The data were first analysed by principle component analyses (PCA) (Fig. 5A) . We identified 19 genes that were significantly altered (all downregulated) in response to DEX treatment, seven of which were subsequently validated by quantitative real-time polymerase chain reaction ( Fig. 5B and C). These genes were significant components of the cell cycle and mitotic machinery (Supplementary Table 4) .
We generated a DEX-responsive signature based on the arrays described above and queried The Cancer Genome Atlas (TCGA) patient survival and expression data. Because DEX is given to essentially all patients prior to surgery, we predicted that they would have expression signatures reflecting DEX treatment. We further identified a subset of patients with a comparatively high expression of genes downregulated by DEX as having tumours that are minimally responsive to DEX treatment (Fig. 5D ). High expression was defined as 4 2 standard deviations (SD) above the mean, which classified 13% of patients as minimally responsive ('Untreated-Like'; Fig. 5E ). These patients had the highest expression levels of one or more of the DEX downregulated genes and had a significantly longer median survival (P = 0.008, Fig. 5F ). Our TCGA analysis was suggestive of an improved survival for patients whose tumours reflected our untreated mouse samples compared to DEX-treated samples.
Dexamethasone treatment effects on glioma growth in vivo and in vitro
One mechanistic explanation of drugs compromising radiotherapy efficacy is based on the phenomenon that, in Figure 2 Association between steroid administration and outcome in the GGN cohort. Progression-free survival by steroid use in all patients (A), progression-free survival (B) and overall survival (C) for patients with radiotherapy only as initial treatment. Progression-free survival (D) and overall survival (E) for patients with radiotherapy (RT)/CT as initial treatment. O = total observed events; n = total number of patients.
general, cells are more radiosensitive when they are in G2/M and more radio-resistant when they are in G1. Therefore if a drug induces a decrease in proliferation, it can potentially reduce the radio-sensitivity of a population via redistribution of the cell cycle, leading to accumulation in G1 and decreased fractions in G2/M (Powell and Abraham, 1994) . We have previously documented that DEX induces the cell cycle inhibitor p21 (Glaser et al., 2001) , and overexpression of p21 is associated with radioresistance in human gliomas (Kokunai and Tamaki, 1999) . Accordingly, we next examined DEX effects on proliferation of tumour cells in vivo. We first set out to assess the effect of DEX on proliferation of mouse gliomas using a non-invasive bioluminescence (BLI) reporter. We have previously described a Ntva;Ef-Luc transgenic mouse that expresses firefly luciferase driven by the E2f1 promoter (Ef-Luc) (Uhrbom et al., 2004) . The E2F1 transcription factor is normally activated in cell cycle progression during the G1/S transition and is highly active in gliomas (Parr et al., 1997) . The dose of DEX used in the clinic for patients with high grade gliomas is variable, ranging from 0.5 to 16 mg daily (discussed in detail in Kostaras et al., 2014) . Considering the toxicity associated with higher doses of DEX and the wide range of doses used in human patients, we used 10 mg/kg (Kamoun et al., 2009) . First, we confirmed that 10 mg/kg DEX was not toxic in nontumour-bearing mice when given at that dose for 7 days and followed for 45 days (data not shown). Next, tumour-bearing mice were imaged by BLI and then randomized into either vehicle or DEX-treated cohorts (daily DEX intraperitoneally at 10 mg/kg) and followed for 48 h (Fig. 6A) . Vehicle-treated mice showed an increase in BLI signal (P = 0.35, Fig. 6B ) while there was a decrease in BLI with DEX treatment (P = 0.0006, Fig. 6B ). In our model, glioma cells express high levels of Olig2, which can be used to distinguish the bulk tumour from stromal cells (Helmy et al., 2012) . To specifically address the anti-proliferative effect of DEX on tumour cells, we utilized immunofluorescence double staining for Olig2 and PCNA (Fig. 6C) and showed a specific decrease in tumour cell proliferation in DEX-treated mice Figure 3 Association between steroid administration and outcome in the GGN cohort by extent of resection. Progression-free survival (A) and overall survival (B) by steroid use in German Glioma Network (GGN) patients with gross total resection. progression-free survival (C) and overall survival (D) by steroid use in GGN patients without gross total resection (GTR). O = total observed events; n = total number of patients.
(P 5 0.0001, Fig. 6D ), which was also confirmed with Ki67 staining, a second marker of proliferation ( Supplementary Fig. 1A ). Comparing areas of necrosis and levels of the pro-apoptotic cleaved caspase 3 revealed no significant differences between groups, confirming that the decrease in proliferation was due to a cytostatic effect and not due to overall cell loss ( Supplementary Fig. 1B) .
To further characterize the effects of DEX on proliferation in vitro, we generated mouse primary glioma cell cultures. When different doses of DEX were tested in brain tumour patients, the average concentration of DEX in tumour tissue was $225 ng/g ($225.27 ng/ml) (Nestler et al., 2002) . We chose three concentrations of DEX (39.5 ng/ ml = 0.1 mM, 395 ng/ml = 1 mM and 3950 ng/ml = 10 mM). In contrast to the results of tumours in vivo, none of the murine cell lines tested showed a significant decrease in growth or viability (Supplementary Fig. 2A ). Next, we compared the cell cycle profile of primary cultures treated with or without DEX (Supplementary Fig. 2B ). There was a marginal increase in G1 and a marginal decrease in G2, which may explain why we did not observe a difference in growth or viability. Taken together, these assays suggest that the in vivo effects of DEX are not recapitulated in vitro, highlighting the importance of using an in vivo system with an intact tumour microenvironment. These data imply that the in vivo effect of DEX on tumour cell proliferation is probably indirect.
Effects of dexamethasone and anti-VEGFA antibody on oedema and in vivo glioma growth
It has been well-documented that inhibition of VEGF signalling, either with neutralizing antibodies or Figure 4 DEX but not anti-VEGFA antibody treatment decreases survival after radiotherapy. Mice with PDGF-driven gliomas were randomized into either DEX or untreated cohorts, and on the third day were further randomized into either (A) non-irradiated (No IR), (B) single dose, or (C) fractionated radiotherapy groups. DEX alone had no impact on survival, but decreased the efficacy of both single dose and fractionated radiotherapy. The cartoon at the bottom of each survival plot depicts the treatment schedule. (D) Kaplan-Meier survival curves for mice randomized into vehicle, B20-4.1.1 treatment, radiotherapy alone, or radiotherapy + B20.4.1.1 groups. Schematic illustrations of treatment paradigms for A-C are below and for D on the right together with experimental groups. P-values were calculated using a Log-rank (Mantel-Cox) test, VEGFR-targeted kinase inhibitors decreases oedema, resulting in improved survival of brain tumour-bearing mice despite persistent tumour growth (Gerstner et al., 2009; Kamoun et al., 2009) . Therefore, we examined the tumour size at onset of neurological signs, such as seizure, lethargy, or weight loss, of vehicle-, DEX-, and B20-4.1.1-treated animals, reasoning that effective oedema treatment would permit larger tumours at the time of onset of signs. Based on MRI-determined tumour volume, asymptomatic glioma-bearing mice were randomized into vehicle, DEX or B20-4.1.1 treatment groups. Animals were treated with their respective agent and subsequently reimaged at time of sign development. Although DEX treatment alone offered no survival advantage, DEX-treated animals had significantly larger tumours at the time of sign onset (Fig. 7B) . Despite controlling oedema and permitting mice to remain with no signs with larger tumours, there was no survival advantage to DEX treatment alone (Fig. 7A) . Interestingly, in B20-4.1.1-treated animals we saw a significant survival advantage as well as significantly larger tumours at the end point of survival than vehicle-treated mice ( Fig. 7C  and D) . This was also true when quantified by T 1 -contrast enhancement (Supplementary Fig. 3B ). The effects of dexamethasone and anti-VEGFA antibody on tumour vasculature and associated myeloid cell infiltration
As both DEX and B20-4.1.1 were effective in controlling oedema, we next investigated their effects on tumour vasculature by immunohistochemistry. Sections of mouse gliomas treated with vehicles and either B20-4.1.1 or DEX were stained with anti-CD31 antibody, which specifically labels endothelial cells of glioblastoma and normal blood vessels outside of the tumour area. In DEX-treated tumours we saw no changes either in total vessel area or average vessel size compared to vehicle (Fig. 7E and F) . B20-4.1.1 tumours had decreases in total vessel area (P 5 0.0001) and average vessel size (P = 0.0076), while no differences were observed in non-tumour cortical areas ( Fig. 7G and H, and Supplementary Fig. 3A ). Decrease in total vessel area and average vessel size induced by B20-4.1.1 was transient as vessels returned to their initial morphology when B20-4.1.1 was stopped (data not shown). We further investigated the effect of B20-4.1.1 on tumour vasculature using Hoechst dye leakage assays and functional vessel labelling with circulating FITC-conjugated lectin in vehicleand B20-4.1.1-treated tumours ( Fig. 7I and J) . B20-4.1.1 decreased leaky areas compared to vehicle (Fig. 7J ) (P = 0.002).
DEX was suggested to be immunosuppressant, as are radiotherapy and TMZ (Ellsworth and Grossman, 2015) , and a recent correlative study suggested that DEX treatment-induced immune suppression could interfere with clinical efficacy of standard therapy in recurrent glioblastoma (Wong et al., 2015) . Microglia/macrophages are the major immune infiltrates in both murine and human glioblastoma, accounting for up to 20-30% of the total tumour mass (Feng et al., 2015; Hambardzumyan et al., 2015) .
To investigate potential immunosuppressive characteristics of DEX we looked at the numbers of infiltrated tumour-associated microglia/macrophages in response to either DEX or VEGFA antibody treatment using the myeloid lineage marker Iba1. No difference was observed between DEX-treated and vehicle-treated tumours ( Supplementary Fig. 3C ), whereas we observed a significant increase in Iba1 positive microglia/macrophage infiltration in B20-4.1.1 treated mice when compared to vehicle ( Supplementary Fig. 3C ).
Anti-VEGFA antibody B20-4.1.1 decreases glioma proliferation and induces tumour cell death
In our mouse model, DEX treatment alone offers no survival advantage whereas B20-4.1.1 alone consistently prolonged survival (Figs 4A, D and 7A) . To examine potential effects on proliferation, we treated tumour-bearing mice with vehicle or B20-4.1.1 for 2 weeks (5 mg/kg B20-4.1.1 twice a week) and compared the proliferation of tumour cells by double staining for Olig2 and PCNA. We observed a significant decrease in proliferation of tumour cells in B20-4.1.1-treated samples (P 5 0.0001, Fig. 8A and B) . Similarly, we confirmed this reduction in both Ki67 staining and in pH3 staining (data not shown). Next, we examined whether B20-4.1.1 promotes cell death in gliomas. B20-4.1.1 treated tumours had a decrease in the Olig2-positive tumour area (P = 0.02, Fig. 8C and E) and an increase in apoptotic cells, as evidence by increased terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)-positivity (P = 0.02, Fig. 8D and F) . To address whether it is only tumour cells or other nonneoplastic cells in the tumour microenvironment that are affected by B20-4.1.1 treatment, we performed immunofluorescence double staining for TUNEL and the tumour-specific marker Olig2, the endothelial cell-specific marker CD31, the microglia/macrophage-specific marker Iba1, or the reactive astrocyte-specific marker GFAP. In vehicle-treated tumours, 1.01% of TUNEL-positive cells were also Olig2-positive, which was significantly increased to 3.55% in B20-4.1.1-treated mice (P = 0.03) ( Supplementary Fig. 4A and B) . We did not observe significant changes in the number of TUNEL-positive cells from the tumour microenvironment ( Supplementary Fig. 4A and B, and data not shown)
Discussion
The administration of steroids to control neurological morbidity associated with brain tumours has been established as a standard of care decades ago. Except for primary CNS lymphoma where steroids exert direct cytotoxic effects, amelioration of brain tumour-association oedema has been proposed to underlie these symptomatic effects of steroids. However, these undisputed beneficial effects of steroids have to be weighed against a plethora of acute and long-term side effects.
In the current study, we identified the use of corticosteroids early in the disease course, during radiotherapy without or with alkylating chemotherapy, as an independent predictor of poor outcome in three independent patient cohorts. Although higher steroid doses are commonly given to patients with larger tumours and more prominent neurological deficits, we tried to control for such unfavourable confounders as feasible. Yet, we cannot exclude that detrimental effects of steroids other than direct interference with radiotherapy contributed to the overall inferior outcome of patients exposed to steroids. Thus, steroids can contribute to morbidity and mortality through their direct toxicity, including steroid myopathy, impaired immune function, adrenal insufficiency, and bowel perforation. Our findings with three large independent datasets were further supported with a recent correlative retrospective analysis of 73 patients with glioblastoma showing that DEX use during radiotherapy with concurrent TMZ correlated with reduced overall survival and progression-free survival (Shields et al., 2015) .
In support of a direct detrimental effect interfering with the activity of radiotherapy, we report that pretreatment with DEX decreased the survival benefit afforded by radiotherapy in murine gliomas. In these tumours, DEX decreased proliferation and the expression of many cell cycle-related genes. Expression of these genes inversely correlated with survival in the TCGA glioblastoma patient dataset. Of note, these genes are primarily known or predicted to be involved in proliferation, either via cell mitotic assembly, cycle checkpoints, DNA damage response and ATM signalling. Radiotherapy sensitivity varies with the position of the cells in the cell cycle, and in general, tumours with high cell turnover rates are the most radiosensitive (Kempf et al., 2013) . Specifically, the p21 protein is induced by DEX in glioma cells, slows cell cycle progression and may confer cytoprotection (Naumann et al., 1998; Glaser et al., 2001; Ueda et al., 2004) . Further studies are warranted to more precisely establish interactions between DEX and these cell types and how these might influence the disease course.
In pursuit of alternatives to DEX, we demonstrated that short-term treatment with a low dose of VEGF antibody results in decrease in the total vessel area and the average vessel size, decreased leakage, and control of oedema signs, permitting mice to be with no signs from intracranial tumors with larger tumor volumes. Moreover, VEGF antibody treatment did not interfere with the efficacy of radiotherapy. Our data support the use of anti-VEGF agents as an alternative oedema management strategy for glioblastoma patients. Of note, although the VEGF antibody bevacizumab did not prolong survival in newly diagnosed glioblastoma patients when added to standard of care, it nevertheless strongly prolonged progression-free survival which has been attributed in part to a confounding effect on imaging (Verhoeff et al., 2009 ). Yet, these data altogether provide ample evidence that VEGF antagonism does not compromise the efficacy of radiotherapy in human patients in vivo. Moreover, a retrospective analysis of the AVAglio data demonstrated that patients with IDH1
wild-type proneural glioblastoma might even derive a survival benefit from bevacizumab in that setting (Sandmann et al., 2015) .
In conclusion, given that controlled clinical trials to address the steroid question in glioblastoma are unlikely to be ever performed, we believe that our retrospective clinical data and corresponding data from animal models provides the strongest evidence so far against the traditional, often uncritical use of steroids in brain tumour patients. 
